The paper presents the discovery -by means of wind tunnel tests and with the support of CFD simulations -of a new aerodynamic phenomenon around circular cylinders. It is a new type of bistable flow, which is induced by the presence of ring beams along the height of a cylinder with a free-end. This investigation was performed within a research project on Solar Updraft Towers, i.e. ultra-high structures (1 km or even more) to produce renewable energy. They convert solar radiation into electric power by using the natural updraft of heated air in a ultra-high chimney. Bistable flows around isolated circular cylinders are known in the critical range of Reynolds number. This new type of bistable flow presents some similarities, but the conditions of occurrence make it original and physically unique. The dependency on the Reynolds number has been investigated in the wind tunnel and in URANS numerical simulations. So far, no reason has been found, which could suggest the disappearance of the phenomenon induced by the spanwise rings in full-scale condition. Therefore, stiffening rings along the height of towers -which are usually regarded as a strategy for reduction of structural vulnerability to the wind actionmight become a double-edged sword, especially when the distance between rings is lower than the tower diameter.
Introduction: the Solar Updraft Power Plants Technology
Solar Updraft Towers are the object of investigation of this paper. They are ultra-high structures (1 km or even more) to produce renewable energy. The inexhaustible solar radiation input is converted into electric power by using the natural updraft of heated air in a ultra-high chimney (Krätzig et al., 2008 (Krätzig et al., /2010 . Basically, the power plant consists of three elements: the collector area, the turbine(s) with coupled generator(s) as power conversion unit and the solar tower. Solar radiation heats the collector ground and consequently warms up the air inside the collector. The warm air rises up into the chimney of the plant. The driving force is the pressure difference between a column of cold air outside and a column of hot air inside the chimney. The stream of warm air turns the turbines at the chimney foot and in the power conversion unit the kinetic energy of the flow is then transformed into electric power.
The production of energy is proportional to the volume of the cylinder with the height of the tower and the diameter of the collector. For this reason, provided a sufficiently high solar radiation input (as it is, for example, in the great deserts), a very good efficiency of the power plant can be reached with extra-large dimensions of the tower and/or the collector. A tower of 500 m in height can deliver about 50 MW of energy; values up to 200 MW can be achieved with structures of 1 km in height and 5 km in diameter of the collector. Figure 1 shows a recently built power plant of small size in Inner Mongolia (China). It is a 50 m tall reinforced concrete tower with a glass collector on only one side. It is optimized for both sun and wind energy harvesting during the summer and the winter, respectively (Wei&Wu 2012). In October 2010, the generating electricity system in Figure 1 was combined to the grid. 
Vulnerability of the tower to the wind action
Solar Towers are especially sensitive to wind, because they are ultra-high, slender and very thin shells. So, among all natural hazards, the wind action decides the structural feasibility of the tower. It comprises the mean wind load, averaged over ten minutes, the fluctuating wind load due to turbulence, the amount of resonance to turbulence, and the load induced cross-wind by vortex shedding.
A preliminary investigation on 1-km tower (pre-designed by [Krätzig et al. (2009) ] under an equivalent static wind load was performed in [Lupi (2009) ] and discussed in and [Borri et al. (2010) ]. The aims of the investigation were: 1) assess the feasibility of Solar Chimneys, with regard to the wind action, 2) find a strategy of optimization of the structure to minimize wind induced tensile stresses (reduction of steel reinforcement).
In accordance also with other authors (e.g. [Krätzig et al. (2008/09/10) and Harte et al. (2007/10) ], it was proved that a key role in the structural design of the tower was played by stiffening rings, i.e. circular ring beams applied at the top and at various levels along the height, in order to reduce the structural vulnerability of the tower to the wind action. In fact, stiffening rings ensure a predominant beam-like behaviour (Figure 2 ), improve the distribution of internal forces, reduce peaks of tension at the windward side and they also increase safety against buckling.
As a result of this investigation, for ultra-high structures like Solar Towers (where the distance between rings is usually smaller than the tower diameter) stiffening rings might become a double-edged sword. In fact, the improvement of the structural behaviour achievable by applying rings along the height might induce an even more severe wind load condition.
This thesis led to the discovery of a new phenomenon regarding the flow around circular cylinders, which is induced by the presence of rings along the height. It is presented in this paper and it is studied from the fluid-dynamic point of view by wind tunnel tests and numerical simulations. 
Wind tunnel investigation
The experimental investigation is performed in two wind tunnels, in order to crosscheck results: the WiSt laboratory at Ruhr-University Bochum (Germany) and the Criaciv laboratory at University of Florence (Italy).
WiSt laboratory at Ruhr-University Bochum is an open circuit wind tunnel with a total length of about 17 m. The test section is 1.8 m in width and 1.6 m in height. The turbulent atmospheric boundary layer is created by three turbulent generators of Counihan type [Counihan (1969) ], a castellated barrier and a roughness field consisting of wooden cubes. The engine allows to attain a maximum wind speed of about 28-30 m/s. A Prandtl tube, placed at 1.3 m in height, allows to measure the dynamic pressure of the incoming flow. Temperature sensors acquire temperature during the measurements. The pressure sensors are four-active-element piezoresistive bridges. The A/D converter scans the pressures in a sample-and-hold modus, which produces simultaneous sampling of the measurements. A sampling frequency of 2 kHz is used for the measurements.
The Criaciv laboratory is an open-circuit wind tunnel located at Polo Universitario Città di Prato, which is a branch of the University of Florence. The total length is about 22 m, the tunnel has a slightly divergent shape from the inlet (in order to guarantee a constant pressure along the x-axis) and the test section is 2.4 m in width and 1.6 m in height. The atmospheric boundary layer profile which is used in these experiments is produced by three bigger turbulence generators of Counihan type and four smaller spires, followed by roughness panels with wooden cubes. The motor -with a nominal power of 160 kW -and the fan are placed at the end of the wind tunnel, followed by a T-shaped symmetric diffuser. The engine allows to attain a maximum wind speed of about 30 m/s. The pressures on the tower are measured with two different types of pressure scanners, at sampling frequency of either 250 or 500 Hz, depending on the scanner.
The model for wind tunnel tests ( Figure 3 ) is a circular cylinder with a free-end and aspect ratio H/D 7. The cylinder is a rigid body of 1 m in height and 15 cm in diameter. In scale 1:1000, it represents a prototype of 1 km in height. Pressure taps are placed at several levels along the height and at an angular spacing of 20° in the circumferential direction. It is also possible to create an efflux inside the cylinder like in a chimney, but the most interesting results presented in the paper refer to the condition without efflux. Both external and internal pressures can be measured at each level.
The peculiarity of the model is the presence of ten circular rings along the height. They are equally spaced along the height. In the wind tunnel scale the rings are at a distance of 10 cm. The width (w) of the rings, in the wind tunnel scale is 7 mm (w/D = 4.67*10-2). Such rings along the model reproduce the stiffening rings, previously introduced in the paper. The aerodynamic of the flow around the structure is the object of the investigation. 
Experimental results
Due to the reduced scale of the model, in the wind tunnel the Reynolds number (Re WT ) is around three orders of magnitude lower than in full-scale (Re FS ). Results are reported in Figure 4 in terms of mean drag coefficients. The blue curve (R0) in the graph refers to the smooth cylinder. The state of the flow ranges from the end of subcritcal to the first stage of supercritical regime. The latter is characterized by constant minimum drag, according to the classification proposed by [Roshko (1961) ]. All the other curves (named R1-R5) refer to the rough cylinder. Thanks to surface roughness and turbulence of the incoming flow, the range of Re tested in the experiments on the rough cylinder is beyond the critical Re. The target condition is well represented by the red curve (R1) at the highest Re, this is then adopted in the following analysis. Further details on Reynolds effects can be found in [Lupi (2013) ]. The tests performed on the tower with ten rings revealed a surprising effect due to the compartments created by the rings. It is a bistable flow condition, meaning that two stable states of the flow are clearly detectable in the time histories, as it is shown in Figure 5 , which plots the lift coefficient at z/H = 0.95. The lift coefficient is obtained by integration of pressures in the across-wind direction. Figure 5 proves that within each state of the bistable condition the mean lift is different from zero. Therefore, in terms of mean loads, the solar chimney exposed to wind should be designed for both mean drag and lift forces, i.e. mean forces in both the along-wind and the across-wind directions.
The existence of a not-zero mean lift force (i.e. a mean force in the across-wind direction) is due to a not symmetric mean pressure distribution. The result is rather astonishing, being the structure a circular cylinder. However, the compartments created by rings along the height are responsible for a complicated flow structure, which results in notsymmetric mean pressure distribution alternated in neighboring compartments.
The cross-check of results on the same model in WiSt and Criaciv wind tunnels is decisive to assess the physical fundamentals of the phenomenon (Figure 6 ). Therefore, the asymmetric mean pressure distribution, with higher suction on one side of the cylinder, must be considered an intrinsic characteristic of the observed phenomenon on the tower with rings, which is not induced by the conditions of the tests.
Literature and novelty
The bistable flow is not a completely new phenomenon in fluid dynamics. It is well known, for example, on smooth circular cylinders in smooth flow within the critical range of Re. In those conditions, transition from laminar to turbulent boundary layer occurs around the separation point and any disturbance in the flow may allow reattachment on only one side of the cylinder. Thus, the asymmetry in the bistable flow condition is due to the formation of a laminar separation bubble on an only one side of the cylinder [Schewe (1983) ]. The same effect, with formation of a bubble in the wake of the cylinder, can be hypothesized also on the solar chimney. A separation bubble on only one side of the structure produces the asymmetric load. However, it is absolutely not a laminar separation bubble in the classical sense, as described in literature on smooth circular cylinders. It cannot be, due to surface roughness applied on the cylinder surface (which promotes transition to turbulence very close to stagnation) and to turbulence of the incoming flow. Moreover, the Reynolds number of the experiment (Re = 2.5*10 5 ) is rather high and far beyond the critical value. In addition, in the range of Re which was possible to test in the experiments, there is not any significant dependence on Re which may suggest disappearance of the phenomenon.
This result presents several new and unknown issues regarding the flow around circular cylinders, which have also consequences for the structural design. A further proof, as well as the confirmation of formation of a separation bubble on one side of the cylinder, results from CFD simulations. It is shown in the next section.
Results of CFD simulations
CFD simulations have been performed on the basis of Criaciv' experiments by the TEE group, Industrial Energy Department (formerly known as Energy Engineering Department "S. Stecco"), University of Florence [Salvadori&Mattana et al. (2013) ].
The URANS simulation is performed by using the software Ansys Fluent 14. The incompressible fluid is solved by applying Navier-Stokes equations. The time step is 0.001 s. The turbulence model is the Shear Stress Transport (SST) k-omega. This is suitable to describe separated flows on smooth surfaces and adverse pressure gradients.
In order to reproduce the conditions of CRIACIV experiments, the tunnel and also the diffusor downstream of the test section were modeled.
The boundary conditions at the inlet are the velocity profile, the turbulence intensity and the turbulent length scale. The velocity profile at the inlet is imposed like the one in Criaciv wind tunnel. The boundary conditions at the outlet are the pressure, the turbulence intensity and the turbulent length scale. No slip conditions are set to all the other surfaces.
A peculiar feature of the simulations is the high Re number (Re = 2.8*10 7 ), obtained by reducing the air viscosity of two order of magnitudes. In these transcritical conditions of Re, surface roughness on the cylinder is not necessary. Moreover, the simulation has the great advantage of reproducing ideal and symmetric test conditions. It is rather relevant to see that the flow distribution around the circular cylinder with 10 rings is really not-symmetric and in agreement with the experiments. The research about the numerical simulation of the flow around the solar chimney is still on-going. Due to the stochastic occurrence of jumps in the time histories, a stochastic simulation like a LES should be more appropriate than a URANS. By the way, an important result is already achieved: the instantaneous flow picture in Figure 8 (horizontal cross-section at a representative level, z/H = 0.75), clearly confirms the asymmetry due to a separation bubble on one side of the cylinder. This is consistent with the expectations on the flow, deduced on the only basis of pressure measurements, as previously explained. The wake is not aligned on the rear of the cylinder, but it is shifted on one side. The result is rather relevant, because the numerical simulation benefits of ideal and symmetric test conditions, which could not be perfectly achieved in the wind tunnel. This confirms the physical fundamental of the phenomenon.
However, the period of time investigated in the numerical simulation (about 0.2 s) is presently too short for being representative and investigate bistable effects. Further studies are necessary. 
Conclusions
The study of the aerodynamic of the flow around the solar chimney has shown several relevant features, induced by the stiffening rings along the height. The existence of a bistable not-symmetric flow around the cylindrical structure is confirmed in both experiments and simulations. Further studies are on-going, in order to investigate the three-dimensional features of the phenomenon and the wind-induced structural effects.
The dependency on the Reynolds number has been investigated in the wind tunnel by using the concept of effective Re (i.e. by applying surface roughness on the model) and in the URANS numerical simulation by reducing air viscosity to attain high Re. Of course, wind tunnel tests on a smooth cylinder (with a free-end) at transcritical Re would be a rather decisive proof. The authors are aware that the issue of Re is rather crucial in the investigation of the flow around circular cylinders and in the transcritical range it could not be fully addressed within this research in the conditions of the experiments, due to scaling of the model. By the way, so far no reason has been found, which could suggest the disappearance of the phenomenon in full-scale conditions. It means that the discovery of this new fluiddynamic phenomenon is of great interest in towers design.
Stiffening rings are necessary in the design of ultra-high towers to reduce the ovalling deformation of the cross-section. In Solar Updraft Towers, stiffening rings at a distance even smaller than the diameter are proposed in many pre-designs. As a result of this investigation, stiffening rings might become a double edged sword, due to the creation of a bistable, notsymmetric, flow condition. A further study, not shown in this paper [Lupi (2013) ] suggested to outdistance the rings, so that the distance between rings is larger than the tower diameter. Moreover, as the aerodynamic phenomenon is governed by the flow over the tip and the tip flow structures, it is enough to outdistance the rings in the tip region [Lupi (2013) ].
